Many mammalian cell types exhibit Ca2l-dependent K+ channels, and activation of these channels by increasing intracellular calcium generally leads to a hyperpolarization of the plasma membrane. Their presence in B lymphocytes is as yet uncertain. Crosslinking Ig on the surface of B lymphocytes is known to increase the level of free cytoplasmic calcium ([Ca2l']). However, rather than hyperpolarization, a depolar- Ca2+1; response by omission of external Ca2" abolished the prolonged hyperpolarization. In fact, a sizable Na+-dependent depolarization was unmasked. This study demonstrates that in human B lymphocytes, Ca2l-dependent K+ channels can be activated by crosslinking of surface IgM. Moreover, it is likely that, by analogy with voltage-sensitive Ca2+ channels, Na+ can permeate through these ligand-gated Ca2l "channels" in the absence of extracellular Ca2".
Introduction
Binding of foreign antigens to resting B lymphocytes activates and induces these cells to proliferate, producing an expanded and functionally responsive population. It is well established that the initial steps ofthis activation process can be mimicked in vitro by crosslinking surface Ig (slg),' which function as Dr. Gelfand's present address is National Jewish Center for Immunology and Respiratory Medicine, 1400 Jackson St., Denver, CO 80206. Address correspondence to Dr. Gelfand at this address.
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1. Abbreviations used in this paper: AM acetoxymethylester; BAPTA, 1,2-bis-(2-aminophenoxy)ethane-N,N,N',N' tetraacetic acid; bis-oxonol, bis(l,3-diethylthiobarbituric)trimethine oxonol; [Ca2"Ji, free cytoplasmic calcium; EK, K+ equilibrium potential; Em, membrane potential; NMG, N-methyl-D-glucamine; NMG+, N-methyl-D-glucammonium+ ion; sIg, surface Ig.
antigen receptors on the membrane of B lymphocytes (1) . This can be achieved using antibodies directed against slg. The biochemical events underlying activation of B lymphocytes by antigens or by anti-Ig are not completely understood. One of the earliest responses associated with crosslinking of slg is an increase in the level of cytoplasmic free calcium ( [Ca2+]j). This was initially inferred from measurements of 45Ca2" distribution (2) and later confirmed by direct determinations of [Ca2+] , using fluorescent probes such as quin2 (3) . At least part of the Ca2" that appears in the cytoplasm originates from intracellular stores, inasmuch as anti-slg can elevate [Ca2+] , in cells suspended in Ca2+-free media containing EGTA (3, 4) . The source of intracellular Ca2' is believed to be the endoplasmic reticulum, which has been shown to release Ca2`when challenged with inositol 1,4,5-trisphosphate, one of the products of the hydrolysis of phosphatidylinositol 4,5-biphosphate by phospholipase C (5, 6) . The latter enzyme is known to be activated in B lymphocytes when sIg is crosslinked (6) (7) (8) .
Most cell types analyzed thus far, including some populations of lymphocytes, display K+ channel activity in their plasma membranes (9-1 1). One particular type of K+ channel is of potential importance to the activation process, since its activity is modulated by the cytoplasmic concentration ofCa2" (see references 12 and 13 for reviews). The open state of the channel becomes predominant as [Ca2+]i increases above the resting level, bringing the membrane potential (Em) closer to the K+ equilibrium potential (EK). Because the resting potential of lymphocytes approximates 50-60 mV (negative inside) and their intracellular K+ concentration has been reported to be 130-140 mM, opening of these K`channels in cells suspended in normal media (containing 3-5 mM K+) is therefore expected to bring about a hyperpolarization.
Contrary to this expectation, a sizable depolarization has been reported to follow activation of B lymphocytes with antislg (14, 15) . The ionic mechanism underlying this change in potential has not been defined. This depolarization was detected by means of flow cytometry using cyanine dyes (15, 16) . Due to limitations inherent to this technique, the measurements were performed at least 10 min after addition of the anti-slg, and depolarization progressed over a 60-120-min period (15) . No information is available regarding the magnitude of the Em changes at earlier times. In contrast to the reported Em changes, the increased [Ca2+]i observed in response to crosslinking of slg is evident within seconds (2) (3) (4) 17) . Thus, it is conceivable that the rapid elevation in [Ca2+] i is accompanied by opening of K+ channels and hyperpolarization, which may then be superseded by a slower depolarization.
The aim ofthe present experiments was to perform continuous measurements of the Em of B lymphocytes immediately after stimulation with anti-sIgM, to determine whether Ca2+-gated K+ channels are activated in human B lymphocytes in response to sIgM crosslinking. For this purpose we performed spectroscopic measurements using the potential-sensitive dye bis(1,3-diethylthiobarbituric)trimethine oxonol (bis-oxonol), a negatively charged lipid-soluble fluorophore. Unlike the cyanine dyes, which are positively charged, bis-oxonol does not accumulate in the mitochondrial matrix, and reports primarily the potential across the plasma membrane (16, 18). Our results indicate that a Ca2"-induced hyperpolarization is indeed observed shortly after crosslinking of sIg. Moreover, we demonstrate that a comparatively large depolarization is unmasked when anti-sIgM is added to B lymphocytes suspended in Ca2'-free medium. This depolarization is shown to be mediated by influx of Na+, conceivably through the ligand-activated Ca2" channels.
Methods
Reagents. Bis-oxonol, and the acetoxymethylester (AM) forms of indo-l and 1,2-bis-(2-aminophenoxy)ethane-N,N,N',N' tetraacetic acid (BAPTA) were obtained from Molecular Probes, Junction City, OR. Goat anti-human IgM, F(ab')2 fragments of goat anti-human IgM and anti-fB2-microglobulin were from Atlantic Antibodies (Scarborough, ME Fau .o is the autofluorescence, determined after addition of 2 mM MnCl2 to cells pretreated with ionomycin, and 12 is the ratio of the fluorescence intensity of the indo-1/calcium complex over the fluorescence of the free acid of indo-1, at the wavelengths used.
Routinely, the cells were stimulated with 37,ug ofgoat anti-human IgM. In some experiments F(ab')2 fragments of goat anti-human IgM were used, yielding essentially identical results.
All the experiments were performed at 37°C. Representative traces of at least three similar experiments are illustrated. Unless otherwise indicated, results are expressed as the mean±SE of the number of determinations indicated. The specificity of the effect of anti-IgM was tested using a second antibody, known to bind to surface ,32-microglobulin.
As illustrated in Fig. 1 B, no changes in [Ca2+]J were detected when the cells were treated with comparable or even higher concentrations of antibody against fB2-microglobulin. Similarly, no hyperpolarization was detected when this antibody was added to cells equilibrated with bis-oxonol ( Fig. 1 E) . The marginal increase in fluorescence (apparent depolarization) observed is due to binding of the probe to hydrophobic domains on the antibody and was observed also in the absence of cells (not illustrated). If the ligand-activated Ca2l pathway were conductive, a depolarization should be associated with Ca2l uptake upon crosslinking of sIgM. Therefore, it must be postulated that the observed hyperpolarization is secondary to the entry of Ca2", and likely associated with Ca2"-induced changes in the permeability to other ions. A hyperpolarization could be attained by increasing the permeability to K+, whose equilibrium potential is more negative than Em. Conversely, a reduction in the permeability to those ions with equilibrium potentials above Em (e.g., Na+) could also induce a hyperpolarization. This hypothesis was tested by analyzing the response ofB lymphocytes to anti-IgM in media of varying cation composition (Fig. 2) . Replacement of extracellular Na+ by the impermeant organic cation NMG+ had no significant effect on the resting [Ca2+], (184.7+6.3 nM; n = 3) of human B lymphocytes (Fig. 2 A) , suggesting that, if present, Na+/Ca2+ exchange does not play a significant role in [Ca2+]i homeostasis in these cells. Similarly, the Em was affected very little by removal of extracellular Na+ (-47.5±3.3 mV; n = 4) (Fig. 2 C) , indicating that the transference number of this ion is small. Stimulation of the cells with anti-IgM in Na+-free NMG+ medium produced an increase in [Ca2+] , which was at least as large, and frequently even larger than that recorded in Na+ medium (Fig. 2 A) . Concomitantly, the Em underwent a clear hyperpolarization (Fig. 2 C) , as described for Na+-containing media. Though comparatively small, this potential change was reproducibly recorded in five experiments. These results indicate that extracellular Na+ is not involved in the ligand-induced Ca2" uptake mechanism,
and that a decrease in Na+ conductance cannot account for the hyperpolarization. Under these conditions, a depolarization would be expected from a reduction in Na+ conductance, since the Na+ gradient is very large and outward; i.e., the equilibrium potential for Na+, ENa is more negative than Em. When extracellular Na+ was replaced by K+, little change in resting [Ca2+]J was detected (Fig. 2 B) . Because under these conditions the cells are depolarized (Fig. 2 D (Fig. 2  B) , even though the sustained phase frequently stabilized at a level below that reported in Na+-containing media. As expected for a membrane that is predominantly permeable to K+, elevating extracellular K+ to levels approximating [K+]J (and thereby making EK 0) resulted in a marked depolarization (Fig. 2 D) . Under these conditions the resting Em averaged -3.7±1.8 mV and addition of anti-IgM produced little change in potential (Fig. 2 D) , or occasionally a slight further depolarization. Failure to detect an anti-IgM-induced change in potential in K+-rich medium was not due to reduced sensitivity of the probe in depolarized cells. This is indicated by the calibration curve illustrated in Fig. 2 (Fig. 3 A) . A similar transient [Ca2+]i elevation was recorded when extracellular Na+ was replaced by NMG+ (Fig. 3  B) . (Fig.  3 C) . This depolarization was apparently due to influx of Na+, since it was reproducibly eliminated when external Na+ was replaced by the impermeant NMG+ (Fig. 3 D the cytoplasm of B lymphocytes. This was accomplished by preloading the cells with BAPTA, a nonfluorescent chelator that can be generated in situ in the cytoplasm by incubation of intact cells with its precursor tetraacetoxymethylester. As shown in Fig. 4 A, the resting [Ca2J]i was not significantly affected by this pretreatment, but the changes induced by anti-IgM were markedly slower and the biphasic nature of the change was virtually eliminated. A relatively monophasic increase was observed, reaching a level that was not significantly different from that recorded in cells without BAPTA (248.2±8.2 nM vs. 249.8±15.1 nM, respectively). A similar monophasic increase was recorded in Na+-free NMG+ medium (Fig. 4 B) . In parallel with the elimination of the rapid
[Ca2J]i transient, the early hyperpolarizing phase of the Em change was also eliminated. Instead, upon addition of antiIgM a small but reproducible depolarization was recorded (Fig. 4 C) . This depolarization was not likely due to Na+ influx, as it was also noted in NMG+ medium (Fig. 4 D) . The from an initial level of 90 nM to < 100 nM. Similar results were obtained in the presence and absence ofextracellular Na+ (Fig. 5, A and B) . In Ca2+-free, Na+-containing medium the activation of BAPTA-loaded cells by anti-IgM was not accom- _~in Fig. 1 . Anti-IgM (37 Mug) was added -60J panied by a hyperpolarization. Instead only a large depolarization (Fig. 5 C) , similar to the second phase reported in Fig. 3 C, was recorded. This depolarization was largely eliminated in NMG+ medium, supporting the interpretation that it is mediated by Na+ influx through ligand-activated Ca2l channels.
Discussion
In this manuscript we provide evidence for the presence of a Ca2'-activated K+ conductance in the plasma membrane of human B lymphocytes. A comparable system had been described for human (23, 24) and rodent (25) (Fig. 4) ; and (d) the hyperpolarization is completely eliminated when both components of the [Ca2+], change are blocked (Fig. 5) .
In apparent disagreement with our results, Cambier and his collaborators have reported that murine B cells depolarize in response to antibodies that crosslink sIg (14) . However, it must be borne in mind that these studies utilized cyanine dyes and flow cytometry for the detection of Em, and that measurements were started at least 10 min after addition of the anti-Ig to the cells. It is conceivable that a rapid hyperpolarization occurred that was followed by a slower depolarizing process. Alternatively, it is possible that the apparent change in plasma Em was instead the manifestation of metabolic changes affecting the mitochondrial Em. By virtue of their positive charge, cyanines accumulate in the mitochondrial matrix in response to the potential across the inner mitochondrial membrane, a problem that is not encountered in the case of bis-oxonol which is negatively charged and therefore excluded from mitochondria. Validation of the late depolarization must therefore await the use of alternative Em probes.
Unlike the case of voltage-sensitive Ca2" channels in excitable tissues, very little is known concerning the properties of the ligand-gated channels of lymphocytes. A possible similarity between these two systems was revealed by the experiments in Fig. 3 , where extracellular Ca2" was omitted. Under these conditions, [Ca2+]i increased only transiently as a result of release of Ca2+ from intracellular stores. Concomitantly, a transient hyperpolarization was observed. However, this was followed by a marked depolarization that was dependent on the presence of extracellular Na+. These observations are consistent with permeation of Na+ through the anti-IgM activated "Ca2+ channel." Indeed, a sizable monovalent cation conductance through voltage-gated Ca2+ channels is known to appear when extracellular Ca> is removed (22, 27) . This has been attributed to a change in the ion selectivity of the channel due to removal of Ca 2 from a binding site that is distinct from the transport moiety, since the concentrations for half-maximal saturation of transport and for control of selectivity differ markedly (28, 29) . Using macroscopic potential recording techniques it is presently impossible to define whether in B lymphocytes Na+ uptake is indeed occurring through a Cac hannel of altered selectivity or through a parallel and independent pathway. However, the finding that the Na+-dependent depolarization in Ca2`-free medium is sensitive to the Ca+ channel blocker verapamil (100-200 MM, unpublished observations) suggests that a single type of channel is involved, Moreover, electrophysiological recordings in a hybridoma cell line showed that a constitutive Ca>2 channel could also become permeant to monovalent cations when Ca2+ was absent (29) . Thus, the phenomenon may be more widespread than originally recognized, and applicable to nonexcitable cells as well.
The large depolarization observed in cells suspended in Ca2+-free medium clearly differs from that recorded in BAPTA-loaded cells in Ca2--containing media. Not only is the latter substantially smaller, but it is also Na+ independent. Moreover, this depolarization is also independent of the Clgradient (not shown), but is instead abolished by removal of external Ca>2. This can only be visualized in cells suspended in NMG+, to prevent the large Na+-mediated depolarization (Fig.  5 D) . Thus, the depolarization in BAPTA-loaded cells could reflect entry of Ca2+ through the ligand-activated pathway. This depolarization may not be visible in cells without BAPTA 
